Artificial photosynthetic systems for solar energy conversion exploit both covalent and supramolecular chemistry to produce favorable arrangements of light-harvesting and redox-active chromophores in space. An understanding of the interplay between key processes for photosynthesis, namely light-harvesting, energy transfer, and photoinduced charge separation and the design of novel, self-assembling components capable of these processes are imperative for the realization of multifunctional integrated systems. We report our investigations on the potential of extended tetracationic cyclophane/perylene diimide systems as components for artificial photosynthetic applications. We show how the selection of appropriate heterocycles, as extending units, allows for tuning of the electron accumulation and photophysical properties of the extended tetracationic cyclophanes. Spectroscopic techniques confirm energy transfer between the extended tetracationic cyclophanes and perylene diimide is ultrafast and quantitative, while the heterocycle specifically influences the energy transfer related parameters and the acceptor excited state.
Introduction
The recently synthesized, extended tetracationic cyclophane, 1 ExBox 4+ , comprising two phenylene-extended bipyridinium units linked together by two p-xylylene (p-Xy) bridges to form a rectangular macrocycle, has received attention on account of its potential for inclusion in artificial photosynthetic systems. Numerous properties render ExBox 4+ an attractive candidate for such applications, including ultrafast, intermolecular charge transfer from a suitable electron-rich guest, 2 intramolecular through-bond charge transfer from the p-Xy bridges to the extended bipyridinium units 3 (ExBIPY 2+ ) and multi-electron accumulation 1, 3 leading to an array of accessible mixed-valence states. Most recently, we reported 4 the first incidence of energy transfer (EnT), an essential process of all biological photosynthetic systems, [5] [6] [7] [8] [9] [10] within the extended tetracationic cyclophane (Ex 1 Box) family. The discovery of
EnT within Ex 1 Box systems opens up new possibilities for greater complexity and biomimetic function with regard to their inclusion in switchable, photoactive, mechanically interlocked systems 11, 12 and light-harvesting arrays for device applications.
13-15
Perylene diimides (PDIs) have received much attention for their high thermal, chemical, electrochemical and photophysical stability. 13 Recent studies have found particular suitability of this highly versatile family of compounds in applications such as organic photocatalysis 16 and solar water splitting, 17, 18 one of the most important photosynthetic processes due to its potential to provide a large scale, clean source of carbon-free energy.
19
We develop our understanding of the viability of combined Ex 1 Box/PDI systems to act as components in artificial photosynthetic systems, on account of their electron-accumulation and light-harvesting properties.
In order to comprehensively characterize the Ex (Figure 2 ).
Results and discussion
Synthesis and Structural characterization Cyclic voltammograms of the ExCats exhibit three distinct redox couples ( Figure S12 ).
The first two represent the first and second one-electron reductions of the PDI component.
The ExCats also exhibit a third redox couple with a much higher peak current than the first two reduction events, which represents the four one-electron reductions of the Ex Table 2 .
The steady-state electronic absorption and fluorescence emission spectra of the ExCats in water are shown in Figure 4 . An essential property of any solar energy conversion device is the ability to absorb light within the solar spectrum as measured at the earth's surface.
31
The spectral excitation window of Table 4 .
Lastly, the fluorescence excitation spectra of the ExCats (Figure 4 , λ mon = 550 nm) bear very strong similarity to their corresponding absorption spectra within the absorption region of the Ex 1 Box components, clearly illustrating the EnT process active between the ExBIPY 2+ and PDI chromophores.
Time-resolved Photophysical Characterization
Time-resolved photophysical experiments were next carried out in water to gain a greater insight into the excited state dynamics of the Ex 1 Boxes and EnT dynamics of the ExCats.
All excited state relaxation time constants are detailed in Table 3 . MSeV 2+ displayed markedly different behavior (Figures S13, S16).
rapidly via SO-ISC to produce 3 *MSeV 2+ in τ ef f = 5.1 ± 0.1 ps. The almost exclusive contribution of SO-ISC to the decay kinetics 32 is attributed to the internal heavy atom effect 33 facilitated by the selenium atom, which also manifests in the Φ f of MSeV 2+ (see Table 2 ). The second pathway is the intramolecular, through-bond reduction of ExBIPY 2+ by the pXy bridge, resulting in a photoinduced charge separated state, 3 TExBIPY + -p-Xy + , in a time, τ P CS , characterized by absorbances at 576, 918 and 1065 nm.
The Ex
The relation between τ ef f , τ f and τ P C S is given by Equation 1. Thus, the approximation, τ P C S ≈ 763 ps, may be calculated. Visible-infrared spectroelectrochemistry corroborated the TExBIPY + -p-Xy + assignment. The spectrum reveals maxima at 578, 924 and 1066 nm ( Figure S37 ), which is nearly identical to the reconstituted fsTA spectrum. The approximate free energy of photoinduced charge separation (PCS), ∆G P C S , defined as the difference between the Ex 1 Box singlet energy (see Table 2 ), and the ion pair energy of the photoinduced charge separated state, ∆G I P (see Equation 2) was then calculated.
∆G I P may be calculated by the equation developed by Weller 34 (Equation 3 ). E ox is the oxidation potential of the p-Xy bridge (1.98 V vs. Ag/AgCl), 35 and E red is the first reduction potential of the ExBIPY 2+ unit, here taken as the first reduction potential of the corresponding MExV (see Table 1 ). ∆U, a coulombic correction factor, may be neglected as it has been shown to be small in ExBox 4+ in polar media.
3 ∆G solv , a solvent correction factor, may also be neglected on account of the high dielectric constants of water and Me 2 SO.
Thus, in the case of TExBox 4+ , ∆G P C S is found to be approximately -0.31 eV, illustrating that PCS is an energetically downhill and spontaneous process.
Charge recombination then occurs in τ C R = 2850 ± 60 ps, resulting in the formation of 
39-41
Having characterized the relaxation dynamics of the Ex 1 Boxes, we turned our attention to the energy transfer dynamics of the ExCats. Investigations by fsTA were conducted using pump pulse wavelengths that selectively excite the Ex 1 Box donors (Figures 6, S21 ).
Schematic descriptions of the ExCat relaxation dynamics are shown in Scheme 2.
In all cases, the first excited singlet states of the Ex 1 Box donors were not observed at all upon photoexcitation ( Figures S22-S24 ), indicating excited state deactivation occurs within the 250 fs response time of the instrument. We can, therefore, conclude that the excited singlet states of the Ex 1 Boxes within the three ExCats have lifetimes of less than 250 fs.
Equation 4 (τ = deactivation lifetime of the donor by all pathways in the absence of the acceptor (measured by fsTA above, see Figure S24 ) from the formation of a positive overlapping absorption corresponding to 3 *PDI, characterized 45 by peak maxima at 485, 514, and 576 nm.
Assuming τ f = 3.7 ns for 1 *PDI (taken from the fsTA analysis of the inclusion complex,
46
PDI-E1⊂CB [8] , Figures S29-S30 Comparison of the 1 *PDI relaxation dynamics upon direct excitation (λ ex = 540 nm) reveals similar behavior to that observed upon indirect excitation ( Figures S25-S28 ). Figure S39 ) shows the characteristic emission(e)-absorption(a) polarization pattern, e,e,e,a,a,a, for 3 *PDI formed via SO-ISC. 48 As such, SeExCat 6+ represents non-covalent method to generate the triplet state of a large, monomeric, aromatic chromophore in high yield in aqueous media via the external heavy atom effect, where El Sayed's selection rules formally forbid 1 *T(π-π*) ← 1 *S(π-π*) SO-ISC.
SeExCat

Conclusion
Our work illustrates how extending components may be used to tune the light-harvesting 
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